The C 60 ONCC 5 H 4 FeC 5 H 5 cycloadduct was prepared in the reaction between C 60 and ferrocene oxime. The compound dissolved in dichloroethane was deposited on HOPG and observed by UHV STM/STS methods. The molecules of C 60 ONCFn formed long straight chains extending for several microns in some of the chains the adducted groups were clearly visible. The dI/dV(V) plots exhibit pronounced maxima interpreted as resonance tunneling to molecular discrete electronic states. The STM/STS observations are discussed within the terms of semiempirical quantum chemical molecular modeling.
Introduction
With the development of microscopic scanning tunneling or atomic force microscopes (STM, AFM) techniques new methods of dense information storage are being searched. Possibility of recording and reading information by polarization of nanoscopic domains on ferroelectric P(VDF/TrFE) thin films using a conductive atomic force microscope was proved by Matsushige et al. [1] ; Locquet [2] recorded information on ferroelectric LaTiO 3.5 with AFM. Kwon et al. [3] proposed a memory unit of molecular dimensions consisting of a carbon nanocapsule C 480 containing endohedral fullerene K@C 60 + that could be shifted between two ends of the capsule by external electric field. It was shown that self-assembled monolayers might be utilized to built molecular memory device [4] and Seminario et al. [5] considered π-electrons conjugated systems with NH 2 and NO 2 substitutes whose electrical behavior would depend on transferred charge thus could be used for storing information. The investigations presented here are intended to find molecules whose structure may be changed externally therefore information might be stored using matrices of molecules that might adopt different stable conformations. For recording and reading information, STM would be used. Position of a functional group in complex molecules might be changed relatively to the rest of the molecule due to instantaneous charge tunnelled from the STM tip or under the influence of the electric field generated by the STM tip. The two molecular states have to be separated by a potential barrier preventing spontaneous transition between them though low enough allowing change of conformation under the external influence. The cyclic molecules with concentrated density of states are appropriate for these experiments, better suited than chain molecules because high density of electronic states facilitates the STM observations. The technique allows investigating molecules with open energy gap between highest occupied molecular orbital and the lowest unoccupied molecular orbital (HOMO-LUMO) like C 60 and organic molecules that are insulating in their bulk structure, as well as self-assembled monolayers of molecules or dense layers of organic adsorbates. Pure C 60 fullerenes weakly interact with the substrate predominantly by Van der Waals forces, however the interaction of functionalised fullerenes depends on adducted functional groups e.g. phenylated C 60 on Si(111)-(7x7) was found to diffuse and rotate due to the presence of the phenyl groups until ordered layers were formed [6] . We investigated fullerene derivative C 60 ONCFn deposited on highly oriented pyrolitic graphite (HOPG) by the STM method. The complex molecule consists of ferrocene (Fn, C 5 H 5 FeC 5 H 5 ) bound to C 60 at the 6-6 bond by a heterocyclic ring. The STM topographic and tunnelling spectroscopy measurements were carried out to find out what kind of structures the C 60 ONCFn complexes form on HOPG and what influence have the molecule-molecule and molecule-substrate interactions on the molecular energy spectrum. We hope that because interaction with the graphite surface is weak, predominantly of the Van der Waals type we study the inherent properties of C 60 ONCFn complexes. The structure of C 60 ONCFn complex, a possibility of conformation change by external electric field of the complex and STM topographic and spectroscopic measurements were analysed using semiempirical quantum chemistry calculations based on the Neglect of Diatomic Differential Overlap approximation with PM3 parameterization. In the model, the Slater type atomic orbitals are used and electron-electron interaction is accounted for by the self consistent field method. The model, parameterized by Stewart [7] well reproduces structure of fullerenes and organic molecules also containing transition metals. In this paper STM topographic observations of C 60 ONCFn molecules deposited on graphite and interpretation of the images are presented.
Preparation and properties of C 60 ONCFn
The C 60 ONCFn complex was prepared using C 60 and ferrocenecarboxaldehyde (FnCHO) as the substrates [8] . Two possible structures of the molecule optimized in the restricted Hartree-Fock approximation in a singlet state are shown in Fig. 1 . In order to verify if the C 60 ONCFn complexes adopt anticipated structure, the 1 HNMR, 13 CNMR and absorption spectra in the 400-600 nm region were measured.; the observed spectra comply with both propositions. The binding energy calculated for both conformations differs by only ~2kcal/mol that is within an accuracy of the calculation method; the potential barrier between the states evaluated from the transition state is <15kcal/mol. It has to be assumed that the purified reaction product contains both types of complexes that might be recognizable by STM experiments. The largest distance between atoms in the molecules is 1.5 nm, thus together with electron cloud the molecule extends for over 1.8 nm. The C 60 ONCFn molecules have intrinsic electric dipole moment d»2.5 Debye parallel to the heteroatom ring attached to C 60 . Looking for a possibility of changing externally structure of molecules by the electric field or ionization, the calculations were performed for complexes in uniform external electric field of various intensities and orientations relative to the molecule and various charge states. The applied electric field simulates experimental condition during the STM measurements. Modeling of charged complexes or in the electric field was performed in the unrestricted Hartree-Fock approximation in an appropriate spin multiplicity state. This approximation allows different spatial and energy distribution of molecular orbitals (MO) populated by electrons of different spin polarization. The calculations were repeated for gradually increasing electric field until the Fn group rotated by such angle that it relaxed to conformation another than the initial one when the field was switched off. To induce transition the electric field of intensity ~3 V/nm oriented almost perpendicular to the C 5 H 5 ring was required. The transitions between parallel and perpendicular positions of C 5 H 5 and ONCC 60 rings are reversible. The change of conformation takes place because of anisotropic polarizability of the Fn group. It results from calculations that orientation of the Fn group is independent of the ionization state thus the instantaneous charge tunneled from the STM tip can not modify the conformation. The STM images of molecules may differ due to their high polarizability because of occupied molecular orbitals close to HOMO may be shifted between C 60 and adducted Fn by the electric field generated by STM tip depending on orientation and intensity of the scanning field. It results from the calculations that C 60 ONCFn cycloadduct is suitable for planned STM experiments because of the intrinsic degree of freedom though the whole molecule deposited on the substrate may rotate in the electric field.
STM observations of fullerene derivatives
A few µg's of the C 60 ONCFn dried compound were sonicated for 30 min. in 2 cm 3 of 1,2-dichloroethane, a droplet of the solution was deposited on freshly cleaved by adhesive tape HOPG (0001) basal plane and the sample was loaded to the UHV STM chamber. The STM tips were prepared by mechanically cutting the Pt90%-Ir10% alloy wires. There were found several scattered clusters of C 60 ONCFn complexes after depositing the solution on the HOPG substrate however, however the main and most interesting features were long linear chains of the molecules some of them are shown in Fig. 2 -4 . The straight row shown in Fig. 2a extends for over 300 nm, the average diameter of bright spots-"beads" is approx. 3 nm. It was determined from STM image registered at still higher resolution at a place where the atomic structure of the substrate was visible that the row was aligned with the <-110> direction of HOPG. It is interesting to notice that the distance between C atoms in graphite lattice along this direction is ~0.24 nm, twelve times smaller than characteristic spacing within the row thus the substrate may neither impose periodicity in the molecular row nor its direction. The periodicity in the row and its width do not correspond to the size of single molecule therefore one has to assume that all regular beads consist of the same number molecules. Apart from the apparent parallel shift of the row probably induced by the defect of the substrate (Fig. 2a) , there are noticeable two defects in arrangement of molecules within the row shown in details in Fig. 2b and 2c together with z-profiles scanned along the row. The defect presented in Fig. 2c consists of two five-members rings of the size ~3.5 nm with very similar brightness of the vertices. The presence of the defects helps to hypothesize on a structure of the regular beads. The size of the ring results from the presence of the adducted Fn groups for pure C 60 ring would have crossection smaller than 2 nm. The pentagonal rings shown in Fig. 2b and 2c with the crossection of ~3.5 nm may built be of C 60 ONCFn if long axis of molecules are aligned with the edges of the pentagon and C 60 at the vertices. The molecules have to be so oriented with their electric dipole moment as to compensate total electric dipole of the cluster. The arrangement suggests that intermolecular electrostatic interaction dominates over Van der Waals interaction. The regular beads are smaller by approx. 0.5 nm than the rings and have lateral dimensions of ~3 nm but they and their apparent height of ~0.65 nm is larger than of the rings. Because there is no molecular structure visible, they are probably built of closely packed four C 60 ONCFn molecules.
The apparent height of the molecules determined experimentally differs from the value of ~1.3 nm expected from the modeling. One of the possible reasons of the effect will be discussed later. There were also other long parallel rows of C 60 ONCFn molecules of the type shown in Fig. 3 . We suppose that the central, brightest i.e. highest feature shown in Fig. 3a consists of two layers of molecules and the side rows of single linearly arranged molecules. The visible bright objects differ in length although their average size roughly corresponds to calculated dimensions of the molecules. Because the objects in the side chains have elongated forms we assume that molecules are arranged with the ferrocene group along the chains, the z-profile measured along single molecule is shown in Fig.  3c . The z-profile exhibits variation in height of the measured molecule the first part of the molecule along the arrow may be tentatively ascribed to the ferrocene adduct.
Height of the molecule as previously is smaller than anticipated one. In another fragment of the molecular row, structure of the deposited molecules could be easily observed; the recorded image is shown in Fig. 4 and at higher resolution in Fig. 5 . Here many of the large bright objects have attached smaller fragments. We suppose that main parts of the large bright objects correspond to C 60 and the small fragments, best seen in the chain at the right, correspond to the ferrocene group attached to C 60 . The difference in the shape of small fragments (see the rows. It is not probable that every other object is pure C 60 because purity of the compound excludes presence of unreacted C 60 at this proportion and the dichloroethane solvent molecule is too small to explain the distance. Therefore, as "spacers" may be also C 60 ONCFn complexes not aligned with the Fn group along the rows because then separation between visible Fn would be ~2.8 nm but tilted relatively to the direction of the rows. Because of the dipole moment of C 60 ONCFn molecules, the long range electrostatic interaction enforces arrangement of molecules to minimize energy and net electric field. It is possible if molecules adopt various orientations relative to the neighbors and the substrate e.g. in C 60 ONCFn dimer with the molecules' electric dipoles orientated antiparallel: ¯. One of the possible arrangements of complexes is shown in Fig. 4c . For the construction of the model, the structure of the dimer was optimized using PM3 model then the charge distribution around the dimer was calculated to simulate an effective diameter of C 60 equal 1 nm and finally the dimers were placed at proper distances to reconstruct the STM image. Similar reconstructed STM images may be obtained for both possible conformation of the C 60 ONCFn molecule. Although there is no experimental prove of this particular orientation of the complexes within the dimers such arrangement explains the characteristic distances and fine steps along the chains shown in Fig. 4b According to the z-profile shown in Fig. 5b the complex extends horizontally for approximately ~2.3 nm. The size of the molecule determined by the chemical modeling well agrees with the lateral dimensions shown in Fig. 5b however, the height determined by the STM technique (z-profile in Fig. 5b ) is as previously lower than expected.
STS measurements
The for 0.15 eV broadening best agrees with the experimental result. The broadening is much larger than the thermal energy what suggests that tunneling does not occur from single isolated molecule but from dimers or larger clusters with the energy spectrum weakly modified by the interaction. There is a difference in behavior of the amplitudes of the observed dI/dV peaks and calculated DOS of the occupied states with lowering the energy, for the amplitude in experiment suddenly decreases at negative sample bias while the DOS amplitude increases. It is probably another indication that measurements were performed on clusters of C 60 ONCFn molecules where occupied orbitals originating from the fivefold degenerate h u and h g orbitals in isolated C 60 were close in energy -see Fig. 6 -and underwent further different splitting in each molecule due to the intermolecular interaction or interaction with the substrate. The interaction may produce almost continuous distribution of MO in energy thus broaden the DOS peaks and obliterate the singularities.
Imaging of the open gap molecules
The C 60 ONCFn has open HOMO -LUMO gap thus are not conducting in topographic experiments or STS measurements in low voltages range. Different mechanisms were considered to explain the conductivity of the organic molecules observed by STM, like work function modulations [9] or a decrease of the HOMO-LUMO energy gap due to molecule-molecule or molecule-substrate interactions [10] . We suppose that the electronic states of a conducting substrate participate in the tunnelling process occurring in these experiments. Semiempirical quantum chemical calculations performed for an optimised ensemble consisting of C 60 ONCFn placed 0.3 nm above graphene sheet showed that close to the HOMO-LUMO gap of the molecule the energy of the electronic levels was not affected by the interaction with the substrate. All MO of C 60 ONCFn close to the gap of the molecule occur at the same energy as in the isolated molecule. However, the substrate states extend locally over the molecule making electrons tunneling possible. The apparent height of any molecule would be diminished by this effect because the STM tip maintains the same overlap with wave function of the imaged object at the constant current mode. Thus, the height of the object is measured relatively to given spatial density of the wave function not from the graphite level. The isodensity contour of C 60 ONCFn HOMO is displayed in Fig. 7 . The height of ~0.7 nm not 1.3 nm would be observed at appropriate voltage and distance of STM tip from the sample. 
Conclusions
The C 60 ONCFn complexes produce well arranged linear forms on HOPG substrates that may be imaged by the STM method. In order to explain observed molecular structures one has to take into account electric dipole of single molecule. The interaction is insufficient to explain formation of chains of the molecules they probably grow while the solvent dries. The molecular modeling indicates that the open gap molecules may be imaged at low scanning voltages because the states of conducting substrate envelop the molecules then the vertical dimensions shown by the experiments are significantly reduced. Because of admixing of the substrate states to the molecular states, any prominent singularities of conductivity ought to be searched in molecular systems extending high above the substrates like C 60 multi-adducts. Until now we were unable to distinguish parallel conformation of the adduct from the perpendicular one, and unable to modify conformation with the STM tip.
